Abstract. In a previous study by the present authors, it was identified that the expression of engrailed-2 (EN2) gene was downregulated in clear cell renal cell carcinoma (cc-RCC). The aim of the present study was to determine whether aberrant methylation was the mechanism underlying the silencing of EN2 gene in cc-RCC. A total of forty paired cc-RCC tissues, four cc-RCC cell lines and one normal human proximal tubule epithelial cell line were evaluated for EN2 gene methylation status using methylation-specific polymerase chain reaction (PCR). Following treatment with 5-Aza-dc, reverse transcription-quantitative PCR and western blot analysis were performed to examine the expression of EN2. Furthermore, cell proliferation, apoptosis and invasion assays were conducted to analyze the inhibitory effects of EN2 re-expression in 786-O cells. The results of the present study demonstrated that hyper-methylation of EN2 was identified in 12/40 cc-RCC tissues and all cc-RCC cell lines. The methylation status of the EN2 gene was revealed to be associated with histological grade and tumor size in cc-RCC. Following 5-Aza-dc treatment, demethylation of the EN2 gene was identified in 786-O cells, in conjunction with EN2 re-expression. Furthermore, re-activation of the EN2 gene markedly inhibited the proliferative and invasive capacities of cc-RCC. The results of the present study demonstrated that the EN2 gene promoter was hyper-methylated in cc-RCC, which may underlie the silencing of the EN2 gene in cc-RCC.
Introduction
Renal cell carcinoma (RCC) is one of the most common types of adult malignancies, accounting for >61,000 new cases and >14,000 mortalities each year (1) . Clear cell renal cell carcinoma (cc-RCC), which originates from the renal proximal tubule, is the most common histological subtype of RCC (2) . cc-RCC accounts for 80-90% all RCC cases (2) . Extensive efforts have been made to investigate the pathogenesis of cc-RCC and have led to important insights into the biology of the disease. However, there is a lack of effective treatment for patients with advanced cc-RCC. Patients with cc-RCC may exhibit no clinical symptoms in the early stage, and 20-30% of cases are initially diagnosed at the advanced stage (3) . Despite the development of targeted therapies, the mortality rate of patients with advanced cc-RCC remains high (4) . Surgical resection remains the principal therapeutic method for localized cc-RCC and early diagnosis of localized cc-RCC is associated with a favorable outcome (5) .
Engrailed-2 (EN2) is one member of the homeobox (HOX) gene family and has an important function in the development of the nervous system at the embryonic stage (6) . Previous studies have demonstrated that the EN2 gene is highly expressed in a number of types of malignant tumor, including prostate (7), breast (8) and bladder (9) cancer. However, a previous study by the present authors revealed that the expression of EN2 gene was relatively decreased in cc-RCC tissues compared with normal kidney tissue (10) . A previous study demonstrated that the level of EN2 mRNA in cc-RCC was negatively associated with tumor differentiation (10) . Therefore, one of the main aims of the present study was to investigate the reasons underlying why the EN2 gene is downregulated in c-RCC.
Numerous studies (11) (12) (13) (14) have demonstrated that aberrant DNA methylation, a typical epigenetic modification, serves an important function in the tumor suppressor genes inactivated. The present study hypothesized that promoter DNA methylation may be the mechanism that leads to the downregulation of the EN2 gene in cc-RCC. Therefore, the present study analyzed the promoter methylation status of the EN2 gene using the methylation-specific polymerase chain reaction (MSP). Following demethylation, performed using the DNA methyltransferase inhibitor 5-Aza-dc, alterations in the status of promoter methylation and the level of EN2 expression were Engrailed-2 promoter hyper-methylation is associated with its downregulation in clear cell renal cell carcinoma CAI-YONG LAI  1,2* , GAN-SHEN YU  1* , YIN XU  1 , XUN WU   1 analyzed. Furthermore, the effects of the re-activation of EN2 on cell proliferation, apoptosis and invasion were analyzed. 
Materials and methods

Cell
RNA extraction and reverse transcription-quantitative (RT-qPCR).
The 786-O cells were harvested using centrifugation (300 x g) at 37˚C for 5 min, following 5-Aza-dc treatment.
The total RNA was extracted and reverse transcribed into cDNA as described previously (10) . qPCR was performed using the Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The reaction mixture contained 5 µl cDNA, 0.5 mM primer, 10 µl 2X SYBR Green PCR SuperMix (Invitrogen; Thermo Fisher Scientific, Inc.) and 4 µl dH 2 O. The mRNA expression of EN2 gene was determined using qPCR using the following protocol: 50˚C for 2 min, 95˚C for 2 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 32 sec. 18S rRNA was selected as a reference and internal control. The sequences of the primers are as follows: EN2 forward, 5'-AGA AGA ACC CGA ACA AAG AG-3'; reverse, 5'-GTA CCT GTT GGT CTG GAA CTC-3'; 18S ribosomal (r)RNA forward, 5'-CCT GGA TAC CGC AGC TAG GA-3' and reverse, 5'-GCG GCG CAA TAC GAA TGC CCC-3'. The primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The relative mRNA expression of EN2 gene was calculated using the 2 -ΔΔCq method (17) .
Protein isolation and western blotting. Following 5-Aza-dc treatment, the 786-O cells were submitted to western blot assay as described previously (10) . Briefly, total protein was extracted from cells using radioimmunoprecipitation assay buffer (BestBio, Shanghai, China). The protein content was quantified using the BCA Protein Assay kit (BestBio) according to the manufacturer's protocol. Western blot analysis was performed using 60 µg of protein lysate isolated from the cells. Subsequently, proteins were separated using 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Merck KGaA). The membranes were blocked using 5% bovine serum albumin (Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) in Tris-Buffered Saline with Tween-20 and incubated with a rabbit polyclonal anti-EN2 antibody at a dilution of 1:1,000 (Abcam, Cambridge, UK; cat. no., ab28731) overnight at 4˚C, or a rabbit monoclonal anti-GAPDH antibody (cat. no., BM3875; Wuhan Boster Biological Technology, Wuhan, China) at a dilution of 1:3,000 overnight at 4˚C. Subsequently, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (dilution, 1:2,000; Wuhan Boster Biological Technology; cat. no., BA1054) at room temperature for 1 h 30 min. Finally, the membranes were visualized using an enhanced chemiluminescence detection kit (BestBio).
Cell proliferation assay and apoptosis assay. Cell proliferation was determined using MTT colorimetric assay. The 786-O cells were seeded in 96-well plates (5x10 3 cells/well) and incubated in RPMI 1640 medium containing various concentrations of 5-Aza-dc (0, 2.5, 5, 10 and 20 µmol/l) at 37˚C for 1, 2, 3 and 5 days. Subsequently, 20 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA) was added to each well, and the cells were incubated at 37˚C for 4 h. Subsequently, the MTT-containing medium was removed and replaced with 100 µl dimethyl sulfoxide to dissolve the formazan crystals. Absorbance was measured at 570 nm using a microplate reader. Following the deduction of the blank cell absorbance, the cell proliferation rate (%) was calculated using the following formula: Cell proliferation rate (%) = [optical density (OD) value of treatment / OD value of control] x 100.
Following treatment with 5-Aza-dc for 5 days, apoptotic cells were quantified using the Annexin V-FITC Apoptosis Detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) according to the manufacturer's protocol. The cells were analyzed using a FACS Calibur flow cytometer (BD, Biosciences, Franklin Lakes, NJ, USA) and apoptosis profiles were calculated using CellQuest software (V1.0.2; BD, Biosciences).
Cell invasion assay. Cell invasion assays were performed using Transwell inserts. The 786-O cells were treated with 5-Aza-dc as aforementioned. To prepare the Transwell inserts (Corning, Inc., Corning, NY, USA), the Matrigel (BD Biosciences) was dissolved at 4˚C overnight, then diluted in RPMI-1640 medium without FBS. Subsequently, the Matrigel was added to pre-cooled Transwell inserts and incubated at 37˚C for 2 h to solidify the Matrigel. Following this, the cells for each group were suspended in RPMI-1640 medium without serum. Subsequently, 1x10 4 cells were seeded in the upper Transwell chamber and incubated with RPMI-1640 medium without FBS for 24 h. The cells on the inner surface were fixed in methanol and stained with 0.1% crystal violet at 37˚C for 10 min. Invasive cells were observed in six randomly selected fields, and the number of stained cells was counted at x200 magnification using an inverted microscope (Olympus Corporation, Tokyo, Japan).
Statistical analysis. Each experiment was repeated three times. All data were expressed as the mean ± standard deviation of three independent experiments. All statistical calculations were performed using SPSS statistical software (version 20.0; IBM Corp., Armonk, NY, USA). The χ 2 test or Fisher's exact test were used to analyze categorical variables, and the one-way analysis of variance or Wilcoxon rank sum test were used for analysis of continuous variables. P<0.05 was considered to indicate a statistically significant difference.
Results
Aberrant methylation status of EN2 gene in cc-RCC samples and cell lines.
To investigate whether the promoter of the EN2 gene in cc-RCC was hyper-methylated, MSP was performed in 40 pairs of cc-RCC tissues and matched adjacent non-malignant tissues. Aberrant methylation of EN2 gene was observed in 12/40 cc-RCC samples, but no methylation of the EN2 gene was observed in adjacent non-malignant tissues (Fig. 1A) . This difference was considered to be significant (P<0.01). Subsequently, the methylation status of EN2 gene was evaluated in cc-RCC cell lines (786-O, ACHN and A498) and a normal human proximal tubule epithelial cell line (HK-2). Hyper-methylation of the EN2 gene was identified in all cc-RCC cell lines compared with HK-2. The results of the present study revealed complete EN2 promoter methylation in 786-O cells, partial methylation in ACHN and A498, and in HK-2 cells the EN2 promoter was unmethylated (Fig. 1B) .
The association between the frequency of EN2 promoter methylation and the clinical pathological parameters of cc-RCC was analyzed. The frequency of EN2 promoter methylation was identified to be positively associated with histological grade (P= 0.043) and tumor size (P= 0.001) of cc-RCC (Table I) . However, there was no statistical association identified between the frequency of EN2 promoter methylation and sex, age, tumor stage or lymph node metastasis (Table I) .
Demethylation and re-expression of EN2 gene is induced following 5-Aza-dc treatment.
Based on the MSP results of cc-RCC cell lines, the 786-O cell line was selected for further study. To validate whether downregulation of EN2 gene was associated with aberrant promoter methylation, the expression of EN2 gene was analyzed using RT-qPCR and western blot following treatment with different concentrations of 5-Aza-dc (0, 2.5, 5, 10 and 20 µM) for 5 days. As determined using RT-qPCR, the mRNA expression of EN2 was increased in a concentration-dependent manner following treatment with 5-Aza-dc ( Fig. 2A) . The expression of EN2 in the 20 µM group was 5.04-fold higher compared with the 0 µM group (2 -∆∆Cq , 5.15±0.25 vs. 1.02±0.21; P<0.01). Consistent with the results of RT-qPCR, an increase in the levels of EN2 was observed following treatment with 5-Aza-dc (Fig. 2B) . Furthermore, the methylation status of EN2 gene was decreased following treatment with 5-Aza-dc, in a dose-dependent manner (Fig. 2C) . The results of the present study indicated that downregulation of the EN2 gene may be regulated by hyper-methylation of the EN2 promoter. 
Expression of EN2 induced by 5-Aza-d treatment inhibits cell proliferation and invasion.
The proliferation of 786-O cells was analyzed following treatment with 5-Aza-dc (Fig. 3) . The results of the MTT assay demonstrated that the proliferation rate of the cells significantly decreased with the increase in concentration of 5-Aza-dc compared with the untreated control after 1, 2, 3 and 5 days (P<0.05; Fig. 3A) . The proliferation rate of untreated control cells were on average 1.19, 1.37, 1.74 and 2.4-fold increased, compared with the 20 µM groups at 1, 2, 3 and 5 days, respectively.
Cell apoptosis was subsequently analyzed using flow cytometry following treatment with 5-Aza-dc for 5 days. The results suggested that the apoptotic rate increased in a dose-dependent manner (Fig. 3B and D) . The mean apoptotic rates of for different concentrations of 5-Aza-dc were as follows: 0 µM, 2.07±0.13; 2. 
Discussion
HOX genes act as transcription factors (18, 19) . HOX genes can bind to specific DNA regions to activate or repress the expression of targeted genes, which are involved in a number of biological processes including cell apoptosis, motility and differentiation, angiogenesis and maintenance of organ function (20, 21) . The EN2 gene belongs to the HOX family and serve a crucial function in the development of the nervous system at the human embryonic stage (22) . In adults, aberrant expression of EN2 gene may be associated with tumorigenesis of a number of types of solid tumor (8, 9, (23) (24) (25) . Morgan et al (25) observed EN2 was expressed in, and secreted by prostate cancer (PCa) cell lines and tissues, but not by normal prostate tissue. In addition, it was reported that urinary EN2 may be a potential diagnostic biomarker for PCa, with a sensitivity of 66% and a specificity of 88.2% (25) . These observations were consistent with the results of Marszałł et al (23) . Furthermore, a previous study identified a statistical significant association Table I . Association between methylation status of EN2 with clinicopathological variables in patients with cc-RCC. between pre-surgical urinary EN2 levels and cancer volume in radical prostatectomy specimens (24) . Additionally, the upregulation of EN2 gene was associated with progression in breast (8) and bladder (9) cancer.
No. of patients with
A preliminary study by the present authors revealed that EN2 expression was downregulated in cc-RCC primary tissues and cell lines, whereas it was relatively highly expressed in normal proximal convoluted renal tubules and distal convoluted renal tubule epithelial cells (10) . In another study by the present authors, EN2 expression was inhibited in HK-2 cells using lentivirus-mediated transfection, and overexpression of EN2 in 786-O cells was induced via plasmid transfection (26) . Following the inhibition of the EN2 gene, proliferation and invasion of HK-2 cells were promoted. However the inhibition of the EN2 gene also resulted in a shortened cell cycle and inhibition of apoptosis. By contrast, overexpression of EN2 gene was able to promote apoptosis and reduce invasive ability and suppress proliferative ability of 786-O cells (26) . These findings indicated that EN2 may have an anti-oncogenic function in cc-RCC. However, the mechanism leading to the downregulation of the EN2 gene in cc-RCC remains unknown.
There are several molecules that serve as two-way regulatory factors by either activating or repressing oncogenesis in different types of cancer (27) (28) (29) (30) . Most members of the HOX gene family are regarded as bidirectional regulation factors due to their tissue-specific expression and regulation (31) . For example, HOXB13 was observed to be overexpressed in ovarian (32) and breast (33) cancer. Hwever, Jung et al (34) also reported that HOXB13 was downregulated in prostate cancer. Abate-Shen (35) proposed three mechanisms that drive the deregulation of HOX genes. One of these mechanisms was an epigenetic modification that leads to downregulation or silencing of HOX genes (35) .
Hyper-methylation of EN2 has been identified in other diseases (36, 37) . Abollo-Jiménez et al (36) identified that the EN2 gene promoter was methylated during the progression of chronic myelogenous leukemia to T-cell lineage-specific blast crisis. In addition, Lambert et al (37) reported that the EN2 gene was hyper-methylated in pilocytic astrocytoma (PA). The methylation status of the EN2 gene was associated with the location of PA (infratentorial vs. supratentorial) (37) . Therefore, in the present study, it was hypothesized that aberrant methylation of the promoter may be the mechanism leading to the downregulation of the EN2 gene in cc-RCC.
To validate the aforementioned hypothesis, the methylation status of EN2 was analyzed in cc-RCC tissue specimens and cell lines, using MSP analysis in the present study. The results of the present study demonstrated that EN2 gene promoter was hyper-methylated in 12/40 primary cc-RCC tissues and all tested cc-RCC cell lines, whereas none of the 40 adjacent non-malignant tissues revealed hyper-methylation. The results of the present study were similar to the findings reported by Slater et al (38) . Slater et al observed that EN2 was hyper-methylated in chromophobe RCC (6/20) but not renal oncocytoma (0/21). However, they did not investigate the function of EN2 methylation in chromophobe RCC (38) . In the present study, the analysis of association between EN2 methylation and clinicopathological parameters indicated that EN2 methylation was significantly associated with increased malignant behavior in cc-RCC. Subsequently, 786-O cells, which revealed complete methylation, were selected to asses whether promoter methylation underlie the silencing of the EN2 gene in cc-RCC. Compared with untreated methylated 786-O cells, treatment of the cells with 5-Aza-dc increased the expression of EN2 mRNA and decreased the methylation of the EN2 promoter. These results suggested that promoter methylation was involved in the silencing of EN2 in cc-RCC. Following 5-Aza-dc treatment, EN2 was re-expressed and methylation status of the EN2 promoter was decreased. These results suggested that promoter methylation was involved in the silencing of EN2 gene in cc-RCC.
Following EN2 gene re-activation, proliferation and invasion of 786-O cells were markedly inhibited, whereas the apoptosis of 786-O cell was increased. It indicated that silencing of EN2 gene may promote the progression of cc-RCC.
However, there are several limitations of the present study that should be clarified. One of the limitations is the small sample size used. Therefore, additional studies with larger numbers of patients would be useful to demonstrate the use of EN2 as a biomarker. In addition, the present study was not able to determine the exact sites of CpG methylation of the EN2 gene promoter. In conclusion, the present study used tissue samples and cell lines to confirm that the EN2 gene promoter was hyper-methylated in cc-RCC, which may underlie the silencing of the EN2 gene.
